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1  |  INTRODUCTION

Rheumatoid arthritis (RA) is a common autoimmune 
disease characterized by infiltration of leukocytes 
into inflamed joints. B cells, CD4+, and CD8+ T cells, 

macrophages, neutrophiles, and other immune cells 
are implicated in the complex pathogenesis of the dis-
ease (Radu & Bungau, 2021). Pathogenic CD4+ T cells 
in the synovial tissue of patients with RA have pro- 
inflammatory properties and their frequency correlates 
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Abstract
The JAK/STAT pathway plays a crucial role in the pathogenesis of rheumatoid 
arthritis (RA) and JAK inhibitors have emerged as a new group of effective drugs 
for RA treatment. Recently, high STAT3 levels have been associated with the up-
regulation of the scaffold protein NEDD9, which is a regulator of T- cell trafficking 
and promotes collagen- induced arthritis (CIA). In this study, we aimed to reveal 
how treatment with JAK inhibitors affects NEDD9 in CD4+ T cells from RA pa-
tients. We analyzed NEDD9 expression in CD4+ T cells from 50 patients treated 
with either baricitinib, tofacitinib, or upadacitinib and performed cell migration 
assays to assess the potential influence of JAK inhibitor treatment on CD4+ T- 
cell migration. We observed that treatment with baricitinib and upadacitinib is 
associated with reduced NEDD9 expression in CD4+ T cells. In contrast, NEDD9 
levels were not altered during treatment with tofacitinib. Moreover, treatment 
with baricitinib was associated with a significantly reduced migratory capacity of 
effector CD4+ T cells but not with impaired migration of Treg cells. This study 
reveals previously unknown associations between JAK inhibitor treatment and 
NEDD9 expression and indicates that JAK inhibitors could reduce effector T- cell 
migration.
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with disease activity (Floudas et al.,  2022). In recent 
years, Janus kinase (JAK) inhibitors have emerged as a 
group of new effective drugs for the treatment of RA. 
JAK inhibitors attenuate inflammation by inhibiting 
JAK/STAT pathways involved in cytokine signaling. The 
JAK inhibitors baricitinib, tofacitinib, and upadacitinib 
inhibit JAK1 with varying selectivity for other JAK iso-
forms (Traves et al.,  2021). While these JAK inhibitors 
have similar efficacy in patients with RA, they modulate 
distinct cytokine pathways to varying degrees and are as-
sociated with different rates of reported adverse events 
(AE) (McInnes et al., 2019; Traves et al., 2021). A better 
understanding of potential off- target effects could help 
to reduce side effects and to increase the efficiency of 
JAK inhibitors.

The scaffold protein NEDD9 (neural precursor cell ex-
pressed, developmentally downregulated 9; also known 
as Cas- L or HEF1) is a critical mediator of T- cell traf-
ficking (Ohashi et al., 1999; Regelmann et al., 2006; van 
Seventer et al.,  2001). NEDD9 promotes chemokine- 
induced T- cell migration and regulates homing to lymph 
nodes (Gu et al.,  2012; Huang et al.,  2015). In addition, 
NEDD9 drives T- cell infiltration into inflamed joints of 
mice with experimental autoimmune arthritis (Miyake- 
Nishijima et al.,  2003). Immunohistochemical analysis 
of joints from mice with autoimmune arthritis revealed 
a high number of NEDD9+ lymphocytes in the synovium 
(Miyake- Nishijima et al.,  2003). Moreover, knockout of 
NEDD9 attenuates collagen type II- induced arthritis 
(CIA), indicating a protective role for NEDD9 deficiency 
in arthritis development (Katayose et al., 2015). Interest-
ingly, NEDD9 can be significantly induced in tumor cells 
with high STAT3 levels, but not in tumor cells with low 
STAT3 levels (Tan et al., 2019). To reveal a potential link 
between the JAK/STAT pathway and NEDD9 in CD4+ T 
cells, we analyzed potential associations between JAK in-
hibitor treatment and NEDD9 expression levels in CD4+ 
T cells from RA patients.

2  |  MATERIALS AND METHODS

2.1 | Blood samples

Peripheral blood was drawn from 50 RA patients treated 
with either baricitinib (4 mg QD), tofacitinib (5 mg BID), 
or upadacitinib (15 mg QD) in the outpatient clinic of the 
University Hospital Cologne. All patients fulfilled the 2010 
ACR/EULAR classification criteria. Patients treated with 
JAK inhibitors received treatment for at least 6 months at 
the time point when blood was drawn. In accordance with 
the Declaration of Helsinki, written informed consent 
was obtained from the patients before blood was drawn. 
This study was approved by the Ethics Committee of the 
University Hospital Cologne (no. 13- 091). Age-  and sex- 
matched healthy individuals and RA patients without 
current treatment served as controls. The patients' charac-
teristics are summarized in Table 1.

2.2 | CD4+ T- cell isolation

Peripheral blood mononuclear cells (PBMC) were iso-
lated using density gradient centrifugation as described 
previously (Pan Biotech) (Bund et al.,  2006; Gloyer 
et al., 2022; Wendtner et al., 2004). CD4+ T cells were 
isolated by negative selection using MACS T- cell isola-
tion kit (Cat. No. 130- 096- 533, Miltenyi Biotech). The 
purity of the isolated cells was verified by flow cytom-
etry and was at least 96%. Cell numbers and cell viability 
were assessed using the CellCountess (Life Technolo-
gies GmbH).

2.3 | Western blot analysis

Purified human CD4+ T cells from RA patients were lysed 
with cell lysis buffer (BioLegend Inc.). The detection of 

T A B L E  1  Patients’ characteristics.

Age
Female 
(%)

Disease duration 
(years) DAS28- CRP RF+ ACPA+ CRP ESR

RA bari (n = 26) 61.3 ± 7.8 15 (57.7%) 9.3 ± 5.1 2.25 ± 1.7 72% 67% 4.5 ± 3.6 19.0 ± 6.9

RA tofa (n = 13) 45.8 ± 6.2 10 (76.9%) 10.7 ± 8.6 2.0 ± 1.9 70% 66% 3.1 ± 2.8 17.5 ± 8.2

RA upa (n = 11) 57.5 ± 9.4 8 (72.7%) 11.2 ± 7.5 1.9 ± 1.5 65% 64% 4.7 ± 4.9 18.8 ± 7.6

RA w/o (n = 12) 53.1 ± 6.7 9 (75%) 3.6 ± 4.9 3.8 ± 2.1 68% 67% 14.9 ± 4.2 28.1 ± 9.2

HC (n = 15) 47.3 ± 4.1 10 (66.7%) n/a n/a n/a n/a n/a n/a

Abbreviations: RA, rheumatoid arthritis; bari, baricitinib 4 mg QD; tofa, tofacitinib 5 mg BID, upa, upadacitinib 15 mg QD; w/o, without treatment for ≥6 weeks 
or newly diagnosed; HC, healthy control; DAS28- CRP, disease activity score of 28 joints based on CRP; RF, rheumatoid factor; ACPA, anticitrullinated protein; 
CRP, c- reactive protein; ESR, erythrocyte sedimentation rate; n.a., not applicable.
Note: Values are shown in mean ± SEM.
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protein concentration was conducted with the BCA Protein 
Assay Kit (Cell Signaling Technology®). For gel running, 
4%– 15% gradient polyacrylamide gels were used (Bio- Rad 
Laboratories). Blotting was performed with the Trans-
Blot® Turbo™ Transfer System (Bio- Rad Laboratories) by 
using the PVDF membrane. The following antibodies were 
used for the protein detection: anti- HEF1/NEDD9 (2G9) 
mouse mAb (Cat. No. 4044), anti- mouse IgG HRP- linked 
antibody (Cat. No. 7076), and anti- GAPDH (D16H11) XP® 
rabbit mAb (HRP conjugate) (Cat. No. 8884) (all from Cell 
Signaling Technology®). Detection was performed by using 
ChemiDoc™ MP Imaging System (Bio- Rad Laboratories), 
and data were analyzed by the ImageJ software (NIH). PC9 
wt cells served as a positive control and PC9nedd9−/nedd9–  KO 
cells as a negative control for NEDD9 expression. PC9 cells 
are derived from human adenocarcinoma from lung tis-
sue. The cells were kindly provided by Dr. Tamina Seeger- 
Nukpezah (University of Cologne).

2.4 | Gene ontology (GO)

Differentially expressed genes (DEGs) were defined as 
those with fold change >2 and p value < 0.01. DEGs were 
visualized as a heatmap using TBTools (Yan et al., 2021) 
(GSE106911, obtained from Gene Expression Omnibus 
database).

2.5 | Flow cytometry

Flow cytometry was performed on the Gallios 10/3 flow cy-
tometer and the results were analyzed by Kaluza Analysis 
Software (Both from Beckman Coulter). Preparation of cells 
was performed as described previously (Bruck et al., 2022; 
Klasen et al., 2019; Kofler et al., 2006). In brief, cells were 
stained with cell surface targets including CD4 (Cat. No. 
347413), CD25 (Cat. No. 340907), and CD127 (Cat. No. 
566399), then fixed and permeabilized by the BD Cytofix/
Cytoperm Kit (BD Bioscience) or the True- NuclearTM 
Transcription Factor Buffer Set (BioLegend Inc.) according 
to the manufacturer's instructions. Anti- FoxP3 antibodies 
(Cat. No. 320116) and isotype antibodies (Cat. No. 981812) 
were purchased from Bio Legend Inc. Dead cells were ex-
cluded by the LIVE/DEADTM Fixable Dead Cell Stain Kit 
(Invitrogen, Thermo Fisher Scientific). Treg cells were de-
fined as CD4+CD25highCD127lowFoxP3+ T cells.

2.6 | T- cell transwell migration assays

The migratory capacity of CD4+ effector T cells 
and Treg cells was evaluated by chemo- attractant 

transwell migration assay as described previously (Meyer 
et al., 2021; Yan et al., 2021). In brief, 6.5 mm transwells 
with 5 μm pore size (CorningTM Incorporated Costar) 
were equilibrated for 2 h in ex vivo 15 media (Lonza) 
supplied with 1% human serum and 1% penicillin– 
streptomycin (both Sigma– Aldrich) (Yan et al.,  2021). 
In the next step, 1 × 106 CD4+ T cells were seeded in 
transwell plates and incubated for 4 h under cell culture 
conditions (Yan et al., 2021). 50 ng/mL CCL20 (Cat. No. 
583802, BioLegend Inc.) was used as a chemo- attractant 
in the lower compartment (Yan et al., 2021). Where indi-
cated, CD4+ T cells from untreated RA patients or from 
healthy controls were incubation in vitro with tofacitinib 
or baricitinib (Cat. No. S5001 and S5754, respectively, 
Selleck Chemicals) for 24 h prior to the migration assay. 
The total number of migrated CD4+ effector T cells or 
Treg cells in the lower chamber was counted by hemo- 
cytometer and Treg cells were identified using antihu-
man FoxP3, CD25, and CD127 antibodies (all BioLegend 
Inc.) (Yan et al., 2021).

2.7 | Statistical analysis

Statistical analysis was performed using SPSS®. Data were 
analyzed using one- way ANOVA and Tukey's multi-
ple comparison test. Data are presented as mean ± SEM 
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3  |  RESULTS

3.1 | NEDD9 expression is suppressed in 
CD4+ T cells from patients treated with 
baricitinib or upadacitinib

We assessed the ex vivo expression level of NEDD9 by 
western blot in CD4+ T cells from 50 patients treated 
with JAK inhibitors. The patients' characteristics are 
summarized in Table  1. Our analysis revealed that 
treatment with baricitinib is associated with sig-
nificantly reduced NEDD9 levels in CD4+ T cells as 
compared to CD4+ T cells from patients without treat-
ment (relative expression 0.09 ± 0.03 vs. 0.63 ± 0.12, 
p = 0.0057). Similar results were observed in CD4+ 
T cells from patients treated with upadacitinib 
(0.11 ± 0.04 vs. 0.63 ± 0.12, p = 0.0398), while NEDD9 
expression was not decreased in CD4+ T cells from pa-
tients receiving tofacitinib (0.98 ± 0.14 vs. 0.63 ± 0.12, 
p = 0.2661) (Figure 1a, b). NEDD9 expression levels in 
CD4+ T cells were similar between healthy individu-
als, untreated RA patients, and patients treated with 
tofacitinib.
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3.2 | NEDD9 knockout is associated 
with downregulation of genes that are 
implicated in cell migration

In a next step, we aimed to verify if loss of NEDD9 is ac-
companied by induction of compensatory mechanisms, 
which could replace the role of NEDD9 in cell migration. 

Therefore, we compared gene expression profiles of 
NEDD9- negative and NEDD9- positive cells using data 
sets of gene analysis of ovarian tumor cells from NEDD9 
knockout mice and wilde- type mice. Interestingly, we 
observed a significant downregulation of various genes 
involved in cell migration, including PCDH7, SOAT1, 
NRG2, and FABP7, in cells from NEDD9 knockout mice 

F I G U R E  1  Baricitinib and 
upadacitinib are associated with 
suppressed NEDD9 levels in ex vivo 
CD4+ T cells. (a) Representative example 
of western blot analysis of NEDD9 in ex 
vivo CD4+ T cells from the peripheral 
blood of RA patients and healthy controls 
(HC). (b) NEDD9 expression in CD4+ 
T cells analyzed by western blot (HC, 
n = 15; w/o, n = 8; tofa, n = 13; bari, 
n = 26; upa, n = 11). (c) Heatmap shows 
differentially expressed genes in ovarian 
tumor cells from Nedd9−/− and wild- type 
mice (GSE106911, obtained from Gene 
Expression Omnibus database, |FC| > 2 
and p < 0.01) (Gabbasov et al., 2018). 
– ctrl, negative control; +ctrl, positive 
control; HC, healthy controls; w/o, RA 
patients without current treatment; 
tofa, tofacitinib; bari, baricitinib; upa, 
upadacitinib. Data are presented as 
mean ± SD. Significance was calculated 
using one- way ANOVA and Tukey's 
multiple comparison test.
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(Figure 1c). In addition, cells from NEDD9 knockout mice 
exhibited increased levels of Dusp26, a phosphatase asso-
ciated with decreased cell migration.

3.3 | Baricitinib treatment is associated 
with reduced migratory capacity of 
effector CD4+ T cells

As NEDD9 is a regulator of leukocyte migration, we 
verified if NEDD9 deficient CD4+ T cells from patients 
treated with baricitinib migrate less than CD4+ T cells 
from patients treated with tofacitinib in an in vitro mi-
gration assay (Figure  2a). CD4+ T cells from patients 
treated with either tofacitinib or baricitinib were seeded 
in transwell plates and were allowed to migrate toward 
CCL- 20 for 4 h under cell culture conditions. CCL20 was 
used to study chemotaxis because the CCL20 receptor 
CCR6 is highly expressed on various CD4+ T- cell sub-
sets, including Treg cells, Th17 cells, and Th22 cells. We 
observed a significantly reduced ability of CD4+ T cells 

from patients with baricitinib treatment to migrate toward 
chemokines compared with CD4+ T cells from patients 
with tofacitinib treatment (migrated cells = 5.0 ± 0.2 × 103 
vs. 8.5 ± 0.6 × 103, p < 0.0001) (Figure 2b). Importantly, in 
vitro cultivation of CD4+ T cells from untreated RA pa-
tients or healthy individuals with tofacitinib or baricitinib 
showed similar results compared with CD4+ T cells from 
patients treated with these JAK inhibitors.

3.4 | Baricitinib treatment is not 
associated with altered Treg cell migration

Interestingly, the percentage of CD127lowCD25highFox-
P3high Treg cells among migrated CD4+ T cells was 
similar between patients treated with tofacitinib and pa-
tients treated with baricitinib (3.5 ± 0.2% vs. 3.5 ± 0.3%, 
p = 0.9999) (Figure 2c,d). The percentage of Treg cells was 
slightly lower in untreated RA patients compared with 
healthy controls (4.4 ± 0.3% vs. 5.4 ± 0.2%; p = 0.0476). 
Moreover, the percentage of migrated Treg cells was 

F I G U R E  2  Baricitinib is associated with reduced in vitro migratory capacity of effector CD4+ T cells. (a) In vitro migration assay; 
schematic view of experimental setup. (b) In vitro migration of CD4+ T cells from RA patients (HC: w/o, n = 15; tofa [in vitro], n = 5; bari 
[in vitro], n = 5; RA: w/o, tofa [in vivo] and bari [in vivo], n = 10; RA: tofa [in vitro] and bari [in vitro], n = 5). Where indicated, CD4+ T cells 
from untreated RA patients or from healthy controls were incubated in vitro with tofacitinib or baricitinib for 24 h prior to the migration 
assay. (c) Gating strategy for the identification of FoxP3+CD127lowCD25high Treg cells. (d) In vitro Treg cell migration. HC, healthy controls; 
w/o, RA patients without current treatment; tofa, tofacitinib; bari, baricitinib. Data are presented as mean ± SD. Significance was calculated 
using one- way ANOVA and Tukey's multiple comparison test.
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neither significantly altered in the tofacitinib group nor 
in the baricitinib group compared with untreated patients 
(3.5 ± 0.2% and 3.5 ± 0.3%, respectively).

4  |  DISCUSSION

Baricitinib is a potent JAK1 and JAK2 inhibitor. In addi-
tion, it shows moderate activity against TYK2 and very 
low activity against JAK3. In contrast, tofacitinib inhibits 
mainly JAK1 and JAK3 with less activity against TYK2 
and JAK2. Upadacitinib is reported as a selective JAK1 
inhibitor. In our study, we observed a significant suppres-
sion of NEDD9 in CD4+ T cells from RA patients treated 
with baricitinib or upadacitinib while tofacitinib had no 
influence on NEDD9 expression. This study is the first to 
report a link between JAK inhibitor treatment, NEDD9 
expression, and CD4+ T- cell migration. However, the de-
sign of our study does not allow any conclusion as to why 
baricitinib treatment is associated with reduced NEDD9 
levels in CD4+ T cells and with diminished migratory ca-
pacity of CD4+ T cells. A possible explanation for these 
observations is that JAK1 inhibition might downregulate 
NEDD9 and JAK3 inhibition could abrogate this effect. 
Another explanation is that NEDD9 suppression could be 
mediated through unspecific off- target effects of barici-
tinib and upadacitinib on other kinases, which are impli-
cated in the regulation of NEDD9. Indeed, baricitinib has 
been shown to inhibit focal adhesion kinase (FAK), which 
is a strong promotor of NEDD9 induction (Karonitsch 
et al., 2018). Finally, the optimal dosage of tofacitinib for 
NEDD9 suppression was may not be reached in our pa-
tients, who received 5 mg BID. Further research is needed 
to explore the link between JAK inhibitors and NEDD9 
suppression.

Recently, Gabbasov et al. have shown that NEDD9 de-
ficiency is associated with reduced expression and activa-
tion of STAT3 (Gabbasov et al., 2018). STAT3 has various 
functions and is implicated in cell migration (Debidda 
et al.,  2005; Hofmann & Kirsch,  2012). Therefore, it is 
possible that JAK2 inhibition reduces cell migration of 
CD4+ T cells by lowering the expression of NEDD9 and 
subsequently decreasing the expression and activation 
of STAT3. The possible link between NEDD9 and STAT3 
regarding CD4+ T- cell migration needs to be further 
evaluated.

The limit of this study is that our analysis does not 
allow any comparison of NEDD9 levels in a single person 
at different time points and with different JAK inhibitors. 
Instead, we compared different NEDD9 levels between 
subgroups of patients receiving either tofacitinib, barici-
tinib, or upadacitinib. Moreover, it remains unclear if the 
observed differences between JAK inhibitors have any 

clinical relevance. We used CCL20 to induce migration in 
our in vitro cell migration assays because the CCL20 re-
ceptor CCR6 is highly expressed on Treg cells, Th17 cells, 
Th22 cells, and on a small percentage of follicular T helper 
(Tfh) cells. Growing evidence suggests that the CCL20- 
CCR6 axis is involved in the pathogenesis of RA (Fennen 
et al.,  2021; Rodgers et al.,  2020). In addition, increased 
plasma levels of CCL20 are found in the peripheral blood 
of RA patients and are positively corelated with DAS- 28, 
rheumatoid factor, and anti- CCP antibodies (Pournazari 
et al., 2022). We observed lower frequencies of Treg cells 
among migrated CD4+ T cells from untreated RA patients 
as well as from patients treated with either tofacitinib or 
baricitinib. These findings are in line with previous re-
ports showing that Treg cell frequencies are not signifi-
cantly altered by treatment with JAK inhibitors (Meyer 
et al., 2019). Our data indicate that reduced migration of 
effector CD4+ T cells could add to the therapeutic effect 
of baricitinib.

5  |  CONCLUSION

This study reveals previously unknown associations be-
tween JAK inhibitor treatment and NEDD9 expression 
and indicates that JAK inhibitors could reduce effector T- 
cell migration. Further research is required to determine 
whether these observations are linked together or if they 
are two independent phenomena. Moreover, the underly-
ing mechanisms by which JAK inhibitors might regulate 
NEDD9 levels need to be revealed. Finally, future studies 
will help to clarify if NEDD9 expression could be a poten-
tial surrogate marker that correlates with the efficiency of 
baricitinib or upadacitinib in patients with RA.
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